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Phase behaviour of colloids with short-range repulsions
plus nonadsorbing polymer chains
Kitty van Gruijthuijsen,†a Remco Tuinier,*bc Joseph M. Braderd and Anna Stradnere
The colloidal gas–liquid phase behaviour has been studied for
aqueous mixtures of well-deﬁned spherical particles with short-
ranged repulsions mixed with relatively monodisperse poly(ethylene
oxide) polymers. We show that our set of experimental phase
diagrams are in quantitative agreement with theoretical predictions
using generalized free volume theory [G. J. Fleer and R. Tuinier, Phys.
Rev. E, 2007, 76, 041802]. The determination of the equilibrium
composition of coexisting phases reveals qualitative deviations
between the two, for which we propose a tentative explanation.
Introduction
The properties of many food products, paints, biological
systems like living cells and other complex materials are related
to the intrinsic immiscibility of colloids and non-adsorbing
polymers at high concentrations.1 This incompatibility origi-
nates from depletion interactions. The excluded volume
between the colloids and nonadsorbing polymer chains results
in eﬀective depletion zones around the colloids. Upon overlap
of these depletion layers the polymeric osmotic pressure
becomes unbalanced and leads to an eﬀective attraction
between the colloids.2 A quantitative understanding of this
phenomenon is paramount to control the processing of such
mixtures. Moreover, it oﬀers interesting routes to design prod-
ucts with novel properties.3
It is well understood that the range of the attractive potential
is determined by the size ratio between the polymers with
radius of gyration Rg and the colloids with radius R, dened as
g ¼ Rg/R, while the depth is set by the osmotic pressure of the
polymer solution. The equilibrium phase diagram of such
mixtures with variable g is well described by Generalized Free
Volume Theory (GFVT),4,5 which is based upon a semi-grand
canonical description of colloids dispersed in a polymer solu-
tion.6 The colloids interact as hard spheres with radius R; the
polymers follow scaling laws for coils with mean eld or
excluded volume interactions; and colloids and polymers
mutually interact as hard spheres with radii R and the depletion
thickness d, respectively. The latter converges to a value close to
Rg for dilute polymer solutions, and to the correlation length in
the polymer solution, x, above the polymer overlap concentra-
tion, c*.4
GFVT can be extended to include the eﬀect of screened
Coulomb repulsions between the colloids, integrated into an
eﬀective colloid–colloid interaction radius, Reﬀ.7–9 Several
experimental studies of colloid–polymer mixtures conrm the
qualitative eﬀects of additional repulsions,9–15 as well as the
quantitative shi of the binodal towards higher polymer
concentrations.9 We now present a set of experimental phase
diagrams of aqueous dispersions containing charged poly-
styrene (PS) colloids and neutral poly(ethylene oxide) (PEO)
polymer. The determination of the binodal over a larger range
of colloid volume fractions reveals an additional qualitative
deviation between the experiment and GFVT.
Materials and methods
We synthesized polystyrene colloids that are stabilized against
van der Waals attractions by a graed shell of Tween 80 as
described previously.16 Poly(ethylene oxide) (PEO) polymer was
purchased from Polymer Source and used without further
purication. NaCl was used throughout to set the added salt
concentration, cs. The characteristics of the colloids and the
polymers are listed in Table 1. The eﬀective interactions
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between the colloids were characterized via measurements of
the structure factor using small angle X-ray scattering (SAXS) at
the cSAXS beamline at the Paul Scherrer Insitute, Villigen,
Switzerland, following ref. 16. We used 11.2 eV X-rays, corre-
sponding to a wavelength of l ¼ 0.111 nm, with which we could
access a q-range of 0.009–1 nm1. The measurements were
performed in 1 mm glass mark-tubes (Hilgenberg). The 2D
scattering patterns were azimuthally averaged to obtain the
scattering intensities, I(q), as a function of the scattering vector
q ¼ 4psin(q/2)/l, with q the scattering angle (Fig. 2).
To construct our colloid–polymer phase diagrams, we mixed
appropriate amounts of stock solutions of the colloids and poly-
mers, both in 20 mM salt, and additional quantities of demin-
eralised water and more concentrated salt solutions.
Concentrations are expressed in g L1 for both the colloids, c, and
polymers, cp. The mixtures were directly weighed into glass rect-
angular cells with dimensions 5  10 mm2 that could be closed
with a Teon stopper (Yixing Zhicheng Material). Aer a 30 s
homogenization step on a vortex mixer (MS1 Minishaker, IKA),
the samples were followed in time with the Proler (in-house
design, schematic Fig. 1). It measures the transmission of laser
light with a wavelength l ¼ 633 nm as a function of height in the
sample cell, which we refer to as the transmission height prole
(THP). We designed a sample stage mounted on two high-preci-
sion motors: a vertical motor to scan through the sample and a
horizontalmotor tomove between ve sample positions. Since we
measured four to ve samples in parallel, this gave us time-
resolved information on a 30 min time scale.
Samples were considered homogeneous uids in the
absence of an interface; being phase separated into two uids
when an interface appeared at a certain height in the sample,
which became clearer with time without changing its position,
and a gel when an interface appeared at the top of the sample
and moved down with time. Fig. 1A–C show some typical
proles. Samples that had phase separated aer 24 h were
measured with the Proler oncemore, before being diluted with
a small aliquot of NaCl solution at the same concentration as
the salt concentration of the solvent. In all samples that were
used to determine the binodal, either directly or using the lever
rule, the foam layer had fully disappeared at the moment of
measurement at t ¼ 24 h. Due to the high turbidity of both
phases close to the binodal the samples had to be assessed
visually with LED illumination to determine whether or not
phase separation had taken place.
Results and discussion
Colloid characterization
To compare our experimental phase diagrams to GFVT calcu-
lations, we need to convert experimentally accessible quantities
Table 1 Characteristics of the synthesized colloids (stock solution with cs ¼ 20
mM) and the purchased polymers.
Polystyrene colloids Poly(ethylene oxide) polymer
ca [g L1] 492 Mn
d [kg mol1] 430 203 83
Rh
b [nm] 65  11 Mwd [kg mol1] 480 231 90
Rc [nm] 59 Rg
e ¼ 0.99Mw0.60 [nm] 40 26 15
Zeﬀ
c 530 c* ¼ 3Mw/4pNARg3 [g L1] 2.9 5.2 15
fc 0.51 Rg/R 0.68 0.44 0.25
a Concentration, measured with a Moisture Analyzer MA35 (Sartorius).
b Hydrodynamic radius, measured with dynamic light scattering on a
3D LS Spectrometer (LS Instruments) at an angle of 90 at c ¼ 0.05 g
L1.17,18 c Hard sphere radius, R, eﬀective surface charges, Zeﬀ
(uncertainty 10%), and colloid volume fraction, f, based on SAXS
measurements. d Number and weight average molar mass, according
to the supplier. e Relation between Rg (nm) and Mw (kg mol
1)
deduced from a series of literature data, spanning four orders of
magnitude in Mw.19–24
Fig. 2 SAXS scattering intensities of the colloids in H2O at 20 C. The legend
indicates colloid concentrations, full symbols are in 50 mM, open symbols in 20
mM, plus signs in 3 mM, minus signs in 5 mM, and crosses in 8 mMNaCl solutions.
The solid line is the SAXS form factor as discussed in the text. For clarity, the data
for c ¼ 2  102, 3  102 and 492 g L1 are shifted upwards by a factor of 22, 24
and 27, respectively. The image shows part of the 2D scattering pattern of the
sample with c ¼ 492 g L1 in 20 mM salt (open squares in the graph), where the
arrows point out some of the typical reﬂections due to crystallization.
Fig. 1 Transmission height proﬁles for samples in a dilution series (cs ¼ 30 mM)
at diﬀerent times after mixing, as listed in the legends. Samples correspond to (A)
a homogeneous mixture, (B) ﬂuid–ﬂuid phase separation, and (C) a gel. The
schematic depicts the principle of the Proﬁler. Roman numbers relate real sample
positions (schematic) to measured heights (graphs).
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like the colloid concentration, c, expressed in g L1 to reduced
quantities like the colloid volume fraction, f, typically used in
theoretical descriptions. To this end, we measure scattering
intensities of a colloid/salt concentration series with SAXS, as
shown in Fig. 2. The suppressed forward scattering and devel-
opment of a structure factor peak around q ¼ 0.05–0.06 nm1
indicate an increased colloid structuring with increasing colloid
concentrations and/or decreasing salt concentrations. The clear
form factor oscillations at higher q-values point to a rather low
colloid polydispersity. The sharp peaks occurring in the stock
solution, with c ¼ 492 g L1, suggest that it was partially crys-
tallized at the time of measurement. In fact, in the 2D scattering
pattern of this sample the ring pattern is no longer fully
homogeneous, but features localized spots, which are typically
related to crystallites in the sample. As an illustration, some of
these spots are indicated with arrows in Fig. 2. The high colloid
concentration of c ¼ 492 g L1 is indeed close to the freezing
line ff ¼ 0.494 for monodisperse hard spheres.25 It is therefore
not surprising that the system crystallizes at a salt concentra-
tion of cs ¼ 20 mM, where the additional Coulomb repulsion is
not completely screened and results in a larger eﬀective hard
sphere volume fraction.
We extract structure factors, S(q), from the scattered inten-
sities by normalization with the concentration and division with
the form factor, P(q). The measurement of a dilute sample with
c ¼ 18 g L1, where S(q) z 1, is too close to the background
scattering to properly resolve the form factor minima and
maxima. To minimize eﬀects from the strong background
scattering, we calculate a theoretical structure factor for the
sample with c ¼ 218 g L1 and cs ¼ 50 mM. In our previous
work, we used the Modied Penetrating Background Mean
Random Sphere Approximation together with a decoupling
approximation to calculate the structure factor of slightly
polydisperse spheres.16 For a polydispersity below 10%, its
eﬀects are mostly visible as an incoherent contribution to the
forward scattering, which we neglect here. Instead, we use the
Percus–Yevick closure of the Ornstein–Zernike equation of
colloids interacting via electrostatic repulsions. We veried that
for the studied electrostatic screening conditions, very similar
results were obtained with both approaches. To t the dataset as
a whole, we iteratively: (1) divide the experimental data of the
sample with c ¼ 218 g L1 and cs ¼ 50 mM by a theoretical
structure factor to obtain the SAXS form factor; (2) use the latter
to calculate experimental and theoretical structure factors for
the whole series; and (3) adjust the initial modelling parameters
if necessary to describe the dataset as a whole.
The modelling parameters, being the colloid radius R, the
ratio c/f and the eﬀective surface charge Zeﬀ, that describe the
dataset well are R ¼ 59 nm, c/f ¼ 957 g L1, and Zeﬀ ¼ 530.
The experimental data together with the calculated S(q)s are
shown in Fig. 3. Note that a variation in Zeﬀ of 10% does not
markedly aﬀect the quality of the modelled S(q)s.
Phase diagram with eﬀective hard spheres
To establish the phase diagram of colloid–polymer mixtures
with g ¼ 0.68, we measure ve dilution series of mixtures of the
colloids with PEO polymer with Rg ¼ 40 nm. The resulting
experimental phase diagrams are summarized in Fig. 4 for salt
concentrations of 20mM, 30mM, and 50mM (corresponding to
a narrow range of Debye lengths from 2.1 to 1.3 nm). We rst
focus on the mixtures that are closest to being hard spheres, the
ones with cs ¼ 50 mM depicted as black squares and crosses in
Fig. 4. As expected, we nd homogeneous samples at low colloid
and polymer concentrations and uid–uid phase separation at
higher concentrations, which is eventually arrested to form
gels.26 The colloids are suﬃciently monodisperse to form crys-
tals, as demonstrated in Fig. 2.27 We indeed observe three-phase
coexistence in between the gel and the uid–uid region.28
However, we have not consistently veried possible crystalliza-
tion for all samples (i.e. wait several days for crystallization to
occur), nor have we tested whether these phases truly were a
gas, a liquid, and a solid.
To compare the results with GFVT calculations, the abscissae
are converted to volume fractions using our SAXS results, i.e. f
¼ c/957 g L1, and the ordinate is normalized by the PEO
overlap concentration c* ¼ 2.9 g L1. The THPs are used to
extract the height ratio between the upper and lower phase. We
then apply the lever rule for two component mixtures to calcu-
late the composition of the coexisting phases.29 Since we
measured rather extended dilution series with multiple dilution
Fig. 3 Structure factors of the colloids at 20 C, as measured by SAXS. Samples
with c ¼ 102 g L1, 2  102 g L1, 3  102 g L1, and 492 g L1 are depicted as
blue, red, green, and black symbols respectively. Salt concentrations in the solvent
are (A) 50 mM, (B) 30 mM, (C) 20 mM, (D) 10 mM, and (E) 3 mM for c¼ 121 g L1,
5 mM for c¼ 193 g L1, and 8 mM for c¼ 277 g L1. Solid lines are the theoretical
calculations using the Percus–Yevick closure of the Ornstein–Zernike equation for
colloids interacting via electrostatic repulsions.
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steps, we expect that there will be signicant errors in the
computed sample compositions. The uncertainty in the nal
data is estimated to be 0.05 in f and 0.1 in cp/c*. The
experimental results are shown as symbols in Fig. 5 and overlaid
with GFVT calculations of the gas–liquid coexistence curve for
mixtures of hard spheres with excluded-volume polymers with a
size ratio of g ¼ 0.68.5,28 We nd excellent quantitative agree-
ment. Phase separation is oen considered a negative feature in
applications of colloid–polymer mixtures. To prevent product
instability, a good prediction of the binodal can thus facilitate
product formulation.
Interestingly, the thermodynamically unstable region above
the binodal can also be utilized to form gels.26,30–32 To rationalize
gelation experiments, it is useful to know the tie lines of the
equilibrium phase diagram, i.e. the composition of coexisting
phases and their relative volumes.33 If we compare our experi-
mental tie lines to the theoretical ones, being respectively the
dotted and dashed line in Fig. 5, we nd them in reasonable
agreement. The polymer concentration in the coexisting colloid-
poor phase is overestimated by the theory, resulting in a slightly
steeper theoretical tie line, but falls within the estimated
uncertainty of the experimental coexistence points. Moreover, if
we extrapolate the mid-points of the experimental tie lines,
depicted as lled circles in Fig. 5, we end up close to the theo-
retical critical point. Along this line, the two phases will occupy
equal volumes and will both be space spanning during the
initial stages of the phase separation process.
Phase diagrams with repulsive colloids
As expected, when the repulsions are increased by a reduction of
the salt concentration, more polymer is needed to induce phase
separation, shown by the blue diamonds and red triangles in
Fig. 4. Notably at low colloid concentrations the onset of phase
separation as well as the gel boundary shis to signicantly
higher polymer concentrations with decreasing salt
concentration.
Also for cs ¼ 20 mM and 30 mM we use the THPs to extract
the composition of coexisting phases using the dilution series
and the lever rule.29 The results are shown in Fig. 6 as open
Fig. 5 Phase diagram with normalized axes of colloid–polymer mixtures with g ¼
0.68 and cs ¼ 50 mM. Filled squares depict experimental binodal points, open
squares coexisting ﬂuid phases determined with the lever rule, and ﬁlled circles mid-
points of experimental tie lines. The solid line is the GFVT result for g¼ 0.68 andm¼
1 with the open circle being the critical point. The dashed line is a theoretical tie line,
and the dotted line an experimental one for a hypothetical startingmixture denoted
with X; error bars indicate the uncertainty in the composition of the corresponding
experimental coexisting phases (grey ﬁlled squares).
Fig. 6 Phase diagram with normalized axes of colloid–polymer mixtures with g
¼ 0.68 and cs ¼ 50 mM (black squares and lines), 30 mM (blue diamonds and
lines), and 20 mM (red triangles and lines). Filled symbols depict experimental
binodal points, open symbols coexisting phases determined with the lever rule,
and circles theoretical critical points. The lines are GFVT results for g ¼ 0.68 and
values for m and Zeﬀ are as listed in the legend.
Fig. 4 Experimental phase diagram of colloid–polymer mixtures with g¼ 0.68 and
cs ¼ 50 mM (black squares and crosses), 30 mM (blue diamonds and plus symbols),
and 20mM (red triangles and asterisks). Asterisk, cross and plus symbols correspond
to gels, open symbols to ﬂuid–ﬂuid phase separation, and ﬁlled symbols to homo-
geneous mixtures. The THPs of the encircled samples are shown in Fig. 1.
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symbols. Strikingly, reduced screening of the charges seems to
shi the coexistence points at low colloid volume fractions to
considerably higher polymer concentrations, with a less clear
eﬀect on the high volume fraction tail of the coexistence curve.
We apply the extension of GFVT to charged colloids,7,8 where
screened Coulomb repulsions are described by a Yukawa type
potential, the strength of which is set by the number of eﬀective
surface charges, Zeﬀ, and the range is determined by the salt
concentration in the bulk, cs:34
UESðrÞ ¼ lBZeff
2expð  kðr 2RÞÞ
ð1þ kRÞ for r. 2R (1)
where lB z 0.7 nm is the Bjerrum length in water at a temper-
ature of T ¼ 293 C, and r the center-to-center colloid distance.
The inverse Debye screening length, k, is given by:
k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3lBf
Zeff 
R3ð1 fÞ þ 8plBcsNA
s
(2)
with cs the salt concentration in the continuous aqueous phase
in mM (mol m3), and NA Avogadro's number. The extended
GFVT accounts for additional repulsions by integration over the
repulsive potential into an eﬀective colloid–colloid interaction
radius, Reﬀ, following:8
Reff
R
¼ m1=3 ¼ 1þ 0:5
ðN
2R
h
1 exp½UESðrÞ
i
dr (3)
In the thermodynamic framework of GFVT all colloid volume
fractions relevant to colloid–colloid interactions are replaced by
an eﬀective colloid volume fraction feﬀ¼mf. For dilute colloids
and Zeﬀ¼ 530, we calculatem¼ 1.026 for cs¼ 50mM,m¼ 1.049
for cs ¼ 30 mM, and m ¼ 1.078 for cs ¼ 20 mM. We use these
values to compute the binodal for colloids which mutually
interact as hard spheres with radius Reﬀ ¼ m1/3R, but which
interact with the excluded-volume polymers with radius R.7,8 We
nd that with increasing m-values the GFVT binodals shi
upwards over the whole range of colloid volume fractions, as
shown in Fig. 6. Although the predictions seem to quantitatively
capture the shi to higher polymer concentrations, they do not
qualitatively reect the experimental trends that we observed
over the whole range of volume fractions.
As mentioned above, our approach to determine Zeﬀ values
from S(q) measurements results in an uncertainty of about 10%
in Zeﬀ. The eﬀect of a 10% increase of Zeﬀ for cs¼ 20 mM, giving
m¼ 1.087, is depicted as the red dashed line in Fig. 6. In fact, we
previously found slight charge renormalization of uncorrelated,
dilute colloids following Poisson–Boltzmann theory.16 Besides,
for cs# 8 mM we also found signicant charge renormalization
as a function of colloid volume fraction, with Zeﬀ values
increasing with decreasing f.16,35 If such charge renormalization
would also occur at higher salt concentrations for real experi-
mental colloids, albeit to a lesser degree, this would result in
a tilting of the binodals with increasing repulsions, showing a
larger increase at intermediate colloid volume fractions and a
smaller increase at high colloid volume fractions. Unfortu-
nately, theoretical descriptions of charge renormalization and
regulation under strong screening conditions and high colloid
volume fractions relevant to the extended GFVT remain to be
developed.
For larger values of m than those considered here we note
that a coupling between electrostatics and polymer physics has
been predicted to become relevant that is not included in our
theoretical description.36 Indeed, within the validity of the
extended GFVT, i.e. for m-values below 1.2 and m1/3 < (1 + g),8
these coupling eﬀects are negligibly small close to the binodal.36
Care should be taken when applying GFVT to increasingly long-
ranged repulsions.
Phase diagrams with diﬀerent g
Finally, we apply the same approach to colloids mixed with PEO
of diﬀerent sizes, giving g ¼ 0.25 and 0.44. We use diﬀerent
colloids for these measurements, though according to our SAXS
characterization they have the same properties as the colloids
listed in Table 1. The normalized results for cs ¼ 50 mM and 20
mM are shown in Fig. 7. Again we nd quantitative agreement
between the experimental onset of phase separation and the
binodal predicted by the GFVT for repulsive colloids. This
demonstrates the robustness of our model mixtures to study
depletion interactions of charged colloids.
Since the tie lines for such small polymer/colloid size ratios
are rather shallow, the gel line lies closer to the binodal.
Although we have not studied this in detail, we also observe
signicant crystallization in mixtures just below the gel line.
Therefore, it is not possible to measure suﬃciently long dilution
lines to apply the lever rule and to determine the composition of
the coexisting phases of these mixtures. Although the directly
measured binodal points at intermediate volume fractions
correspond well with the theoretical predictions, deviations
might occur at higher volume fractions, in line with our results
for g ¼ 0.68.
We have performed some explorative measurements of
mixtures with smaller colloids and PEO with Rg ¼ 40 nm in 20
and 50 mM NaCl (results not shown). The composition of
coexisting phases extracted with the lever rule seems to show
the same tilt with decreasing salt concentration: a shi to
relatively larger polymer concentrations at intermediate volume
Fig. 7 Phase diagram with normalized axes for colloid–polymer mixtures with cs
¼ 50 mM (black squares and lines) and 20 mM (red triangles and lines) and (A) g
¼ 0.25 and (B) g ¼ 0.44. Filled symbols depict experimental binodal points, circles
theoretical critical points, and solid lines GFVT results with m ¼ 1.026 (black) and
m ¼ 1.078 (red).
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fractions and basically no eﬀect at higher volume fractions.
However, the SAXS measurements for these colloids could not
be straightforwardly modelled with monodisperse charged
colloids. Therefore, our results for g¼ 0.68 remain to be veried
at higher values of g for equally well-dened colloid–polymer
mixtures.
Conclusions
In conclusion, we have established binodals of aqueous
mixtures of charged colloids and a neutral polymer as a func-
tion of salt concentration and polymer/colloid size ratio. For
size ratios g ¼ 0.25, 0.44, and 0.68, the experimental onset of
phase separation can be quantitatively described by GFVT
calculations for the binodal of charged spheres with excluded-
volume polymers. For g ¼ 0.68 and m z 1.0, we demonstrate
that GFVT correctly describes the composition of coexisting
phases, i.e. the tie lines, and the critical point. However, we nd
a qualitative deviation for the development of these tie lines
with decreasing salt concentrations. We propose that this might
be related to charge renormalization and regulation, which has
barely been studied under high-colloid and high-salt condi-
tions. These ndings are highly relevant when one attempts to
extrapolate the equilibrium phase diagram to explore non-
equilibrium gelation at higher colloid and/or polymer concen-
trations in real systems.
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